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Abstract
We examine the charged lepton flavor violating process gg → µ±τ∓ at the √s = 13 TeV LHC. Operators generating this
process can be induced by new physics (NP) at dimension 8. Despite the power suppression associated with dimension
8 operators, we show that the LHC’s large gluon luminosity makes it possible to probe this channel. For an integrated
luminosity of 100 fb−1 at the LHC, we predict a constraint on the NP scale Λ & 3 TeV. In addition, we point out that
such operators can be induced through top quark loops in models that generate dimension 6 operators of the form tt µτ .
We find that the NP scale of these dimension 6 operators can be constrained to be Λ & 3.4–4.1 TeV with 100 fb−1 of
data.
1. Introduction
Lepton flavor violation (LFV) is an important vehi-
cle for low energy studies of physics beyond the Stan-
dard Model (BSM). Within the Standard Model (SM) with
massless neutrinos, individual lepton number is conserved.
Even with the addition of non-zero neutrino masses, pro-
cesses that violate charged lepton number are suppressed
by powers of m2ν/m
2
W [1]. Thus, experiments should be
extremely sensitive to BSM physics that facilitate charged
lepton flavor-violating (CLFV) processes.
SM phenomena are also expected to closely obey lepton-
flavor universality (LFU). However, recent observations
from LHCb [2–4], BaBar [5], and Belle [6, 7] show hints of
LFU violation in semi-leptonic decays of B mesons at the
level of a few standard deviations. In response to these
findings there have been many proposals introducing new
physics, for example studies of b→ sµµ [8–12] and lepton-
flavor non-universal interactions [13, 14] (for a recent re-
view, see Ref. [15] and references therein). Although not
required [16, 17], new interactions that violate LFU may
also induce LFV [18]. With the prospects of studying LFV
in B-meson decays at LHCb and the upcoming Belle II ex-
periment, there has been renewed theoretical attention to
this type of new physics [19–26].
In addition to studies of LFV in B decays, some au-
thors have proposed refined methods for direct searches at
the Large Hadron Collider (LHC) to look for new TeV-
scale particles that can mediate LFV [27]. However, it is
quite possible that the new mediators are at an energy
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scale that is beyond the reach of the LHC. A convenient
method to study effects of high-scale physics in low-energy
processes involves effective field theories (EFT) [28]. If
LFV happens to be at a scale Λ that is beyond the reach
of direct searches at the LHC, studies of LFV effects at
the LHC can still be done using EFT methods. The low-
energy effects of BSM physics generated at a UV scale Λ
can be characterized in terms of an effective Lagrangian
Leff containing terms of dimension d ≥ 5 suppressed by
appropriate powers of the NP scale Λ. In particular, at di-
mension 6 the following SU(3)C×U(1)EM invariant CLFV
interactions are generated,
L(6)eff ⊃
1
Λ2
∑
i,j,k,l,m,n
Cmnijkl
(
ℓiΓ
mℓj
)
(qkΓ
nql) + h.c. , (1)
where i, j = 1, 2, 3 label lepton generation, k, l = 1, 2, 3
label quark generation, Γm denote the Dirac structure,
and Cmnijkl are Wilson coefficients. The operators in Eq. (1)
can be probed in a variety of ways, both at high [29–32]
and low energies [33–41]. 1
The large parton luminosity for gluon-gluon interac-
tions at high-energy pp colliders, such as the LHC, implies
that gluon-initiated processes might be prevalent there.
However, the set of operators in Eq. (1) does not contain
gluon fields. The lowest order effective operator that is
invariant under the SM gauge group SU(3)C × SU(2)L ×
U(1)Y that couples lepton and gluon fields appears at di-
mension eight,
L(8)eff =
g2s
Λ4
[
YijL
i
LHℓ
j
RG ·G+ Y˜ijL
i
LHℓ
j
RG · G˜
]
+ h.c. ,
(2)
1For an alternative approach to studying CLFV at fixed target
experiments, see e.g. [42].
where L iL represents the left-handed doublet lepton field
with generation index i in the gauge basis, ℓ iR is a right-
handed lepton singlet field, and H is a Higgs field. Gauge-
invariant combinations of gluon fields areG·G ≡ GaµνGa µν ,
and G · G˜ ≡ GaµνG˜a µν . Here Gaµν is a gluon field strength
tensor and
G˜aµν =
1
2
ǫµναβG
a αβ (3)
is its dual. The couplings Yij(Y˜ij) are in general complex.
As spontaneous symmetry breaking leads to non-diagonal
lepton mass matrices, their diagonalization will result in
bi-unitary transformations of Yij(Y˜ij)→ yij(y˜ij). Switch-
ing to a mass basis for lepton fields will then lead to LFV
interactions of charged leptons ℓi,
L(8)eff =
vg2s√
2Λ4
[
yijℓ
i
Lℓ
j
RG ·G+ y˜ijℓ
i
Lℓ
j
RG · G˜
]
+ h.c. , (4)
where v ∼ 246 GeV is the Higgs vacuum expectation value
(VEV).
For definiteness, we concentrate on the particular lep-
tonic final state µτ . In certain models of NP this final
state might have the largest coupling to the new degrees
of freedom, for instance due to the Cheng-Sher ansatz [43].
Additionally, final states with muons could be preferable
from the point of view of experimental detection. For in-
stance, searches for Higgs and Z-boson decays to µτ are
common for studies of LFV at the LHC [44] by ATLAS
[45] and CMS [46, 47] collaborations.
It is interesting to point out that the v/Λ4 suppres-
sion of the operators in Eq. (4) is not universal. Consider,
for example, NP models where the effective coupling be-
tween gluons and leptons is generated after matching at
one loop. This can be seen explicitly in two Higgs dou-
blet models (2HDM) without natural flavor conservation
with a heavy Higgs mediating CLFV as in Fig. 1(a) or
in the case of CLFV mediated by a heavy scalar or vec-
tor lepto-quark with appropriate quantum numbers as in
Fig. 1(b). Depending on the UV completion of the model,
particles Q and/or Φ0/Z could belong to the NP or SM
spectra. If for both particles, mQ ∼ mΦ0 ∼ Λ in Fig. 1(a)
or mQ ∼ mX ∼ Λ in Fig. 1(b), the overall scaling of
the effective operators would be ∝ (16π2Λ4/v)−1. Yet,
if Q is a standard model top quark, then at low energies
one should expect the scaling of the effective operators to
be ∝ (16π2mtΛ2)−1. Such scaling of effective operators
is standard in low-energy studies of lepton-flavor viola-
tion [1, 41, 48]. Finally, the large gluon luminosity of the
LHC can affect the detection probabilities, selecting ef-
fective operators with explicit gluonic degrees of freedom,
even though they could be suppressed by additional pow-
ers of 1/Λ.
It will therefore be appropriate, for the sake of a model-
independent analysis, to introduce a set of dimension-full
constants Cℓ1ℓ2i that encode all effects of relevant Wilson
(a)
Q X
G
G
τ
+
µ−
Q
Φ
0
G
G
τ
+
µ−
1
(b) Q X
G
G
τ
+
µ−
Q
Φ
0
G
G
τ
+
µ−
1
Figure 1: Example Feynman diagrams which can generate the oper-
ators in Eq. (6).
coefficients and scales. Once these coefficients are con-
strained from the LHC data, we can then use the avail-
able constraints to discuss different ultraviolet completions
(and thus interpretations) of the effective theory. The La-
grangian of Eq. (4) then leads to the following interactions
facilitating µτ production,
Leff =
4∑
i=1
Cµτi Oµτi + h.c. , (5)
where
Oµτ1 = (µLτR) G ·G ,
Oµτ2 = (µLτR) G · G˜ ,
Oµτ3 = (µRτL) G ·G ,
Oµτ4 = (µRτL) G · G˜ .
(6)
The remainder of this letter proceeds as follows. In
Sec. 2, we place constraints on the coefficients Cµτi of glu-
onic operators. In Sec. 3 we use those constraints to put
limits on lepton-flavor violating couplings of top quarks
that are difficult to constrain at low energy machines. We
conclude in Sec. 4.
2. LHC constraints on Gluonic Operators
2.1. Event Selection
At the 13 TeV LHC, the tau decays promptly into neu-
trinos and either an electron, a muon, or hadrons. The
cleanest signal comes from leptonic τ decays, and since
µ+µ− has a large SM background we will study the µe
final state. The leading backgrounds are then W+W−
pair production, Z0/γ∗ → ττ , and tt pair production. For
this study we apply the basic cuts of Ref. [30], which are
reviewed below.
For detector coverage and triggering, we require the
transverse momentum pT and pseudorapidity η to satisfy
pµ,eT > 20 GeV and |ηµ,e| < 2.5 , (7)
while vetoing events with a final state jet of pjT > 50 GeV
and |ηj | < 2.5. For the signal, we anticipate the µ and τ
2
σ (pb) No cuts + Eq. (7) + Eq. (8) + Eq. (11)
WW (µτ ) 1.6 0.024 0.0044 0.0015
WW (µe) 1.6 0.35 0.014 0.0044
Z/γ∗(ττ ) 2400 1.7 0.26 0.00083
tt(µτ ) 12 0.043 0.0045 0.0019
tt(µe) 12 0.53 0.015 0.0081
O
µτ
i 0.89 0.030 0.028 0.028
Table 1: Background and signal cross sections at the 13 TeV LHC.
The signal cross section assumes the benchmark values of Cµτi =
4πv g2s/
√
2Λ4 with Λ = 2 TeV. Cross sections before cuts are given
prior to τ decays.
to be back to back in the transverse plane with pµT = p
τ
T
and with the decay products of the τ highly collimated.
We therefore impose the additional requirements
δφ(pµT, p
e
T) > 2.5 , δφ(p
miss
T , p
e
T) < 0.6 ,
∆pT = p
µ
T − peT > 0 ,
(8)
where pmissT is the event’s missing transverse momentum.
The signal kinematics also allows us to approximately
reconstruct the τ . All of the missing energy in signal events
is due to τ decay products, which gives
~p τT = ~p
e
T + ~p
miss
T . (9)
From the expectation that the decay products of the τ will
be highly collimated such that pez/p
miss
z ≈ peT/pmissT . Thus,
the longitudinal component of the τ momentum should be
pτz ≈ pez
(
1 +
pmissT
peT
)
. (10)
Once the τ ’s 3-momentum is reconstructed the energy is
E2τ = ~p
2
τ +m
2
τ . With the momentum of the τ fully recon-
structed for signal events, we then require the invariant
mass of the µτ system to satisfy
Mµτ > 250 GeV , (11)
as the missing energy present in the backgrounds does not
in general come from the decay of a single τ .
2.2. Constraints
To estimate constraints on the operators in Eq. (6) at
the 13 TeV LHC, signal and background events were gen-
erated usingMadGraph5 [49]. Showering and hadroniza-
tion of these events, as well as decay of the τ , was then per-
formed using Pythia8 [50, 51], while detector effects were
simulated with Delphes [52]. The signal model file was
generated using FeynRules [53]. Background and sig-
nal cross sections after applying successive cuts are shown
in Table 1. Signal cross sections are calculated using the
benchmark values of Cµτi = 4πv g2s/
√
2Λ4 with Λ = 2 TeV.
The running of the Wilson coefficients is assumed to be
negligible. All operators are considered independently, and
have the same cross section up to variations in their respec-
tive effective couplings.
At 100 fb−1 of integrated luminosity, we estimate the
2σ confidence level (CLs) exclusion limit and 5σ log-likelihood
(LL) discovery significance for Cµτi to be
(Cµτi )2σ ≈ (3300 GeV)−3 , (12)
(Cµτi )5σ ≈ (2900 GeV)−3 . (13)
These estimates can be translated to general constraints
on the NP scale Λ of Eq. (4) where Cµτi = 4πv g
2
s/
√
2Λ4.
The values yµτ = y˜µτ = 4π are chosen to push the per-
turbative limit of these operators in order to estimate the
maximum sensitivity of the LHC to the various BSM sce-
narios discussed in Sec. 1. With these assumptions we find
lower bounds on Λ of
Λ2σ ≈ 3000 GeV , (14)
Λ5σ ≈ 2800 GeV . (15)
If we instead anticipate yµτ = yµτ ∼ O(1), we find that
the scale of these operators are constrained to be Λ2σ ∼
1.6 TeV. While we anticipate probing heavier NP scales as
more data accumulates, models which generate the oper-
ators of Eq. (6) at a single UV scale have cross sections
suppressed by Λ−8 which limits the effectiveness of ad-
ditional data on the ability to probe significantly higher
scales at the LHC. A plot of the integrated luminosity at
the 13 TeV LHC vs. Λ is shown in Fig. 2 of Sec. 3.2.
The operators of Eq. (6) are in general also constrained
by low energy experiments. For example, in Ref. [48] the
authors present an analysis of constraints from limits on
LFV tau decays to a muon and one or two hadrons. The re-
sults of their analysis, converted to the normalization used
in this paper, are shown in Table 2. The most stringent
constraints, coming from τ → µπ+π− for Oµτ1,3 and τ → µη
for Oµτ2,4, are Λ1,3 ≈ 1000 GeV and Λ2,4 ≈ 830 GeV. 2
These bounds are several times lower than the estimated
sensitivity of the LHC with 100 fb−1 of luminosity.
3. LHC Constraints on tt µτ Operators
Studies of µτ production at hadron colliders mediated
by four-fermion operators have been performed [30], with
constraints on the NP scale obtained with the help of a
single operator dominance hypothesis [34]. They, however,
did not examine operators that include top-quark fields.
As we show below, these operators can be constrained by
studying gg → µτ processes.
2Alternative studies of similar processes offer differing estimates
of the bounds from LFV tau decays (see e.g. Ref. [41]), but these
estimates generally fall well below the LHC’s expected sensitivity.
3
Process Cµτ1,3 (GeV
−3) Λ1,3 (GeV)
τ → µπ+π− 780−3 1000
τ → µK+K− 700−3 950
Process Cµτ2,4 (GeV
−3) Λ2,4 (GeV)
τ → µ η 590−3 830
τ → µ η′ 520−3 760
Table 2: Constraints on the coefficients of Oµτi from τ decays,
adapted from Ref. [48]. The constraints on Λ are calculated using
Cµτi = 4πv g
2
s/
√
2Λ4i .
3.1. Matching Conditions
The SU(3)C×U(1)EM invariant Lagrangian contribut-
ing to µτ production contains
L(6)µτ ⊃
1
Λ2
4∑
i=1
Cqµτi Oqµτi + h.c. , (16)
where
Oqµτ1 = (µLτR) (qLqR) ,
Oqµτ2 = (µLτR) (qRqL) ,
Oqµτ3 = (µRτL) (qLqR) ,
Oqµτ4 = (µRτL) (qRqL) .
(17)
As noted in Section 1, these operators also generate the
gluonic operators of Eq. (6) via SM quark loops in the
diagrams represented in Fig. 1. Thus we can take ad-
vantage of the enhanced gluon luminosity at the LHC to
probe these operators indirectly through gluon fusion pro-
duction. A brief discussion of SU(2)L invariant operators
generating those of Eq. (17) is given in Appendix A.
The coefficients of the dimension 8 operators, Cµτi , are
related to the Wilson coefficients of the dimension 6 oper-
ators, Cqµτi by
Cµτ1,3 =
g2s
16π2
F1(x)
Λ2mq
[
Cqµτ1,3 + C
qµτ
2,4
]
C
qµτ
1,3 =C
qµτ
2,4
, (18)
Cµτ2,4 =
ig2s
16π2
F2(x)
Λ2mq
[
Cqµτ1,3 − Cqµτ2,4
]
C
qµτ
1,3 =−C
qµτ
2,4
, (19)
where mq is the mass of the quark running in the loop.
Here F (x) are functions of the parton center-of-momentum
(CM) energy sˆ, and are given by
F1(x) = −x
2
[
4 + (4x− 1) ln2
(
1− 1
2x
+
√
1− 4x
2x
)]
,
(20)
F2(x) =
x
2
ln2
(
1− 1
2x
+
√
1− 4x
2x
)
, (21)
where x ≡ m2q/sˆ. In the limit that x ≪ 1, the functions
F (x) approach m2q/sˆ, indicating that the contribution to
µτ production from gluon fusion is dominated by the heav-
iest quark running in the loop. At LHC energies, provided
only SM quarks contribute to this process, the top quark
contribution is, therefore, expected to dominate.
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Figure 2: Luminosity goal at the 13 TeV LHC as a function of the
NP scale Λ, choosing a value of 4π for the dimensionless Wilson
coefficients
. The solid (dashed) curves represent the 2σ CLs
exclusion limit (5σ LL discovery limit) on the luminosity
required to rule out (discover) NP at the scale Λ.
3.2. Constraints
Converting the results from Section 2.2, we find, for
100 fb−1 of integrated luminosity with the benchmark val-
ues |Cqµτi | = 4π, chosen again to be at the perturbative
limit in order to estimate the maximum potential reach of
the study, the 2σ CLs exclusion limit and 5σ LL discovery
significance for the G ·G operators Oµτ1,3 to be
Λ2σ ≈ 3400 GeV , (22)
Λ5σ ≈ 2900 GeV , (23)
while for the G · G˜ operators Oµτ2,4 they are
Λ2σ ≈ 4100 GeV , (24)
Λ5σ ≈ 3400 GeV . (25)
Note that the energy scale Λ here is the NP scale of the
dimension 6 four-fermion operators of Eq. (16). 3 For
|Cqµτi | ∼ O(1), the constraints of Eqs. (22–25) are esti-
mated to be only Λ2σ ∼ 0.97 (1.1) TeV for the G·G (G·G˜)
operators, which may be near the scale of validity for the
EFT at the LHC. However, unlike the operators discussed
in Sec. 2, the dimension 6 operator-induced cross-sections
scale as Λ−4 and therefore stand to benefit more from the
accumulation of additional data.
Fig. 2 shows the luminosity required to set 2σ CLs
exclusion constraints and 5σ LL discovery estimates as a
function of the NP scale Λ. With 100 fb−1 of integrated
luminosity, the constraints on the operators in Eq. (4) and
3The gluon interactions with µτ are clearly non-local at LHC en-
ergies. To account for this, we average the full form factors (squared)
of Eqs. (20) and (21) by reconstructing the τ to obtain an approxi-
mate event-by-event sˆ.
4
those of Eq. (17) appear to be quite similar due to the ex-
plicit inclusion of loop suppression factors via the match-
ing conditions of Eqs. (18) and (19). However, the LHC
becomes increasingly sensitive to interactions via SM top
quark loops as integrated luminosity is increased. As data
at the LHC continues to accrue, experiments will become
increasingly sensitive to NP that generates the operators
of Eq. (17) and may be probed via gluonic processes.
The dimension 6 operators of Eq. (17) also induce at
one loop couplings to the SM Higgs boson. LFV Higgs de-
cays are stringently constrained by direct searches at the
LHC, with the most recent result from the CMS collabo-
ration at
√
s = 13 TeV constraining the branching ratio
to be Br(h → µτ) < 0.25% [47]. In general, however,
other operators may contribute to LFV Higgs couplings.
Specifically, at dimension 6 the operators (f
i
Lf
j
R)H(H
†H)
and (f
i
L,Rγ
µf jL,R)(H
†i
←→
D µH) induce direct LFV couplings
to the Higgs boson, with potential interference between
the various contributions. While a thorough study of the
effects of these operators on Higgs decays is beyond the
scope of this work, see e.g. Ref. [54] for an analysis of
EFT-induced LFV couplings to the SM Higgs boson.
4. Conclusion
In this letter we have examined CLFV processes initi-
ated by gluon fusion at the
√
s = 13 TeV LHC. We have
demonstrated that the gluon’s enhanced parton luminosity
can compensate for the increased suppression from dimen-
sion 8 operators relative to the less suppressed dimension
6 quark-induced CLFV processes. This allows one to indi-
rectly probe models of NP mediating CLFV processes that
may otherwise be inaccessible at LHC energies. The LHC
has already collected nearly 100 fb−1 of data at 13 TeV.
We have estimated that this data can constrain the dimen-
sionful coefficients of gluonic CLFV-inducing operators to
be Cµτi & (3.3 TeV)−3.
In addition, we have presented a study of such pro-
cesses occurring through SM quark loops. In models where
single operator dominance is expected, we have demon-
strated that it is possible to constrain the CLFV coupling
of leptons to top quarks through loop-induced gluon fu-
sion. With 100 fb−1 of data, we have estimated that the
NP scale Λ of tt µτ couplings can be constrained to be
Λ & 3.4−4.1 TeV. This mechanism is especially important
for models that predict an enhanced coupling to top quarks
such as in certain 2HDMs with LFV. A future discovery of
CLFV in the µτ final state at the LHC could be the first in-
dication of preferential couplings to top quarks, and could
be important in discriminating between the many models
of CLFV.
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Appendix A. SU(2)L Invariant Operators
The SU(3)C × U(1)EM invariant operators of Eq. (17)
arise from SU(2)L invariant forms. Specifically, Oqµτ1 is
contained in the dimension 6 operator
OLeQu = (L iLe jR) ǫ (Q
k
Lu
l
R) , (A.1)
where the antisymmetric tensor ǫ contracts the suppressed
SU(2)L indices, and Oqµτ4 is included in its Hermitian con-
jugate. Conversely, operators Oqµτ2,3 are first generated at
dimension 8,
OLHeuHQ = ([L iLH ]e jR)(u kR[HT iσ2Q lL]) (A.2)
and its Hermitian conjugate. Operators Oqµτ1,4 can also be
generated at dimension 8 without the associated charged
current interactions of Eq. (A.1).
Because only two of the operators listed in Eq. (17)
appear at dimension 6 in an SU(2)L invariant form, there
is in general no reason to expect the coefficients of these
operators to be similar in value, as required by the match-
ing conditions given in Eqs. (18) and (19). We should
then generally expect a mixing of the G · G and G · G˜
production mechanisms. However, Ref. [55] has demon-
strated that the contributions from these operators can
not be distinguished by a study of lepton pair production
alone, and thus one should consider the limits presented
in Section 3.2 as estimates of the upper bounds on such
processes. We postpone a more complete discussion of the
four-lepton operators for a future, more detailed, analysis,
where one can expect the scale of Otµτ2,3 to be more weakly
constrained than Otµτ1,4 .
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